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ABSTRACT
Aims. We explore the capabilities of CARMENES for characterizing hot-Jupiter atmospheres by targeting multiple water bands,
in particular, those at 1.15 and 1.4 µm. Hubble Space Telescope observations suggest that this wavelength region is relevant for
distinguishing between hazy/cloudy and clear atmospheres.
Methods. We observed one transit of the hot Jupiter HD 189733 b with CARMENES. Telluric and stellar absorption lines were
removed using Sysrem, which performs a principal component analysis including proper error propagation. The residual spectra were
analysed for water absorption with cross-correlation techniques using synthetic atmospheric absorption models.
Results. We report a cross-correlation peak at a signal-to-noise ratio (SNR) of 6.6, revealing the presence of water in the transmission
spectrum of HD 189733 b. The absorption signal appeared slightly blueshifted at –3.9± 1.3 km s−1. We measured the individual cross-
correlation signals of the water bands at 1.15 and 1.4 µm, finding cross-correlation peaks at SNRs of 4.9 and 4.4, respectively. The
1.4 µm feature is consistent with that observed with the Hubble Space Telescope.
Conclusions. The water bands studied in this work have been mainly observed in a handful of planets from space. The ability of
also detecting them individually from the ground at higher spectral resolution can provide insightful information to constrain the
properties of exoplanet atmospheres. Although the current multiband detections can not yet constrain atmospheric haze models for
HD 189733 b, future observations at higher signal-to-noise ratio could provide an alternative way to achieve this aim.
Key words. Planets and satellites: atmospheres – Planets and satellites: individual (HD 189733 b) – Techniques: spectroscopic –
Infrared: planetary systems
1. Introduction
Shortly after the discovery of the first hot Jupiter (Mayor &
Queloz 1995), the theoretical basis for detecting exoplanet at-
mospheres through transmission spectroscopy was developed
(Seager & Sasselov 2000; Brown 2001; Hubbard et al. 2001).
Subsequently, Charbonneau et al. (2002) were the first to mea-
sure the transmission signal from sodium in the atmosphere of
HD 290458 b using the Space Telescope Imaging Spectrograph
on the Hubble Space Telescope (HST ). For a long time it was
thought that atmospheric exoplanet science could only be con-
ducted from space, either with the HST or the Spitzer Space
Telescope, the latter detecting the first thermal emission from ex-
oplanets (Charbonneau et al. 2005; Deming et al. 2005b). It was
not until the publications by Redfield et al. (2008) and Snellen et
al. (2008) that ground-based observations started to play a role.
Both studies presented detections of sodium in HD 189733 b and
HD 209458 b, respectively, using high-dispersion spectrographs
at 8-10-m class telescopes.
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In earlier works (e.g. Charbonneau et al. 1999; Collier
Cameron et al. 1999; Deming et al. 2005a; Rodler et al.
2008, 2010) it was already envisaged that ground-based high-
dispersion spectroscopy could be a powerful tool to characterise
exoplanet atmospheres, either in reflected light, intrinsic thermal
emission, or in transmission. In the case of reflection, the light
scattered from the planetary atmosphere contains a faint copy
of the stellar spectrum, but Doppler-shifted depending on the
changing radial component of the orbital velocity of the planet,
which can be as large as 150 km s−1 or more for close-in planets.
The stationary stellar component can be filtered out, after which
the residual spectra contain the Doppler-shifted component re-
flected off the planet. In the same way molecular lines can be
probed in the planetary thermal or transmission spectrum. Due
to the planet/star contrast the technique is more efficient at in-
frared wavelengths, where it is used to remove the telluric ab-
sorption in a similar way as the stellar lines in the optical. A first
detection was presented by Snellen et al. (2010), who measured
carbon monoxide in the transmission spectrum of HD 209458 b
using the Cryogenic InfraRed Échelle Spectrograph (CRIRES;
Kaeufl et al. 2004) at the ESO Very Large Telescope (VLT). By
measuring the radial velocity of the planet, the system could be
treated as an edge-on spectroscopic binary system allowing for
an assumption-free mass determination of both the star and the
planet. Also, a marginally significant blue shift of 2± 1 km s−1
of the CO signal was interpreted as coming from the radial ve-
locity component of a possible global wind blowing from the hot
day-side to the cold night-side of the planet.
At a resolving power of R= 100 000, molecular bands are re-
solved in tens to hundreds of individual lines (see Fig. 1). While
the observing technique filters out any possible broad-band fea-
ture (and, with it, most instrumental calibration errors), the sig-
natures of the individual lines are preserved. Because they are
mostly too faint to be detected individually, cross-correlation
techniques are used to optimally combine the lines to produce
a joint molecular signal. The closer the model template matches
the planet spectrum, the stronger the resulting cross-correlating
signal should be. In principle, this can be used to constrain the
temperature structure of the planet atmosphere and the volume
mixing ratio of the targeted molecule. However, the sensitivity
to these parameters is low, as there is a known degeneracy when
comparing the models to the data (e.g., Brogi et al. 2014.) The
technique has since thrived, with detections of both, water and
carbon monoxide, in the atmospheres of a handful of planets,
in transmission and emission, using CRIRES at the VLT (e.g.,
Brogi et al. 2012; Rodler et al. 2012; Birkby et al. 2013; de
Kok et al. 2013; Brogi et al. 2013, 2014; Schwarz et al. 2015,
2016; Brogi et al. 2016; Birkby et al. 2017) and the Near-Infrared
Spectrograph on the Keck II Telescope (Lockwood et al. 2014;
Piskorz et al. 2016, 2017).
Ground-based high-dispersion spectroscopy has recently
ventured out in several different directions. Nugroho et al. (2017)
detected, for the first time, titanium oxide (TiO) in the day-side
thermal emission spectrum of WASP-33 b, probed in the opti-
cal wavelength regime using the High Dispersion Spectrograph
on the Subaru Telescope. They showed the molecular lines to be
in emission, which conclusively proved the presence of a ther-
mal inversion. Also, improved instrumental stability and anal-
ysis techniques now allow the use of smaller telescopes. Wyt-
tenbach et al. (2015) and Louden & Wheatley (2015) used data
from HARPS (High Accuracy Radial-velocity Planet Searcher
échelle spectrograph) at the ESO 3.6 m telescope (Mayor et al.
2003) to measure in detail the shape of the sodium transmission
signature of HD 189733 b. Brogi et al. (2018) used GIANO at
the Telescopio Nazionale Galileo to detect the presence of water
in the atmosphere of HD 189733 b. Yan & Henning (2018) used
the highly-stabilised high-dispersion spectrograph CARMENES
(Calar Alto high-Resolution search for M dwarfs with Exoearths
with Near-infrared and optical Échelle Spectrographs; Quirren-
bach et al. 2016) to detect atomic hydrogen absorption (Hα) dur-
ing the transit of Kelt-9b. Also in this target, Hoeijmakers et al.
(2018) used HARPS-North transit observations to find for the
first time absorption features of atomic heavy elements (Fe, Fe+,
and Ti+).
In this paper, we present transmission spectroscopy of
HD 189733 b using CARMENES observations targeting its
molecular water signature. The planet is one of the archetyp-
ical hot Jupiters, because it was for long the brightest known
transiting system (V = 7.6 mag, J = 6.1 mag). It has been the tar-
get of many observational studies, such as of its hydrogen exo-
sphere (Lecavelier Des Etangs et al. 2010; Lecavelier des Etangs
et al. 2012; Bourrier et al. 2013), its transmission spectrum (e.g.,
Redfield et al. 2008; Sing et al. 2011; Gibson et al. 2012; Mc-
Cullough et al. 2014; Brogi et al. 2016, 2018), and its emission
spectrum (Deming et al. 2006; Grillmair et al. 2008; Charbon-
neau et al. 2008; Swain et al. 2010; Todorov et al. 2014).
Our goal is the detection of water in the atmosphere
of HD 189733 b using the wavelength region covered by the
CARMENES NIR channel. We focus mainly on the two
strongest water features near 1.15 and 1.4 µm. Especially, we at-
tempt the individual detection of these features, to confirm from
the ground and with a different technique the 1.4 µm water fea-
ture as observed with the Wide Field Camera 3 (WFC3) at the
HST in several planets (e.g., Sing et al. 2016). One of the strik-
ing features of the transmission spectrum of HD189733 b is a
blueward slope, most prominent in the ultraviolet and blue op-
tical, attributed to Rayleigh scattering from haze particles high
in the planet atmosphere (Lecavelier Des Etangs et al. 2008;
Pont et al. 2008; Gibson et al. 2012; Pont et al. 2013; Sing
et al. 2016; Pino et al. 2018a). The transmission spectra of a
small sample of hot Jupiters observed with HST suggest that
the water features in the most hazy atmospheres, like that of
HD189733 b, are partly masked. The comparison between the
strength of water absorption over different bands could constrain
the Rayleigh scattering of the high-altitude hazes in this kind
of planets (Stevenson 2016). Although the known degeneracy
on the models make it a complex problem (see Heng & Kitz-
mann 2017), the recent work of Pino et al. (2018b) suggests that
ground-based high-resolution observations over multiple water
bands could constrain the presence of hazes in the atmosphere of
planets like HD 189733 b. In addition, the combination of low-
dispersion spectroscopy from space and high-dispersion spec-
troscopy from the ground over multiple bands provides better
constraints to the models (Brogi et al. 2017).
2. Observations
We used CARMENES (Quirrenbach et al. 2016) to observe the
system HD 189733 (Table 1) on 7 September 20171, after two
earlier attempts for which the instrument presented stability is-
sues. The two spectrograph channels of CARMENES are located
in the coudé room of the 3.5 m telescope at the Calar Alto Ob-
servatory, fed by fibres connected to the front-end mounted on
the telescope. One of the CARMENES spectrographs, dubbed
1 The reduced spectra can be downloaded from the Calar Alto archive,
http://caha.sdc.cab.inta-csic.es/calto/
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Fig. 1. Top panels: CARMENES NIR spectrum of HD 189733 b taken on 2017 September 07 at 22:06:29 UT (left panel) and a zoom-in on order
40 around 1.524 µm (right panel). The major telluric absorptions by water vapour bands near 0.95, 1.14 and 1.4 µm are prominent. For this plot, the
original spectrum, as provided by the CARMENES pipeline, was approximately corrected for the instrument response using an early type telluric
standard star from a previous observation; so the decline of the continuum level is mainly due to the decrease of the stellar flux. The V shapes
of the continuum level within each order are instrumental effects, either due to overestimating the blaze function or the background illumination.
This effect is mainly caused by the different observational conditions of the calibration star and the target, such as target altitude and background
illumination. In our analysis, the instrument response was not applied, instead, we normalized each order of the spectra. The emission features
observed at the reddest wavelengths (>1.5 µm) in the left and right panels are telluric emission lines. Bottom panels: Atmospheric absorption
model of HD 189733 b in the CARMENES NIR spectral range (left panel) and a zoom-in around 1.524 µm (right panel). The contribution of the
planetary disk (i.e., opaque at all wavelengths) has been included. The most prominent features are caused by the atmospheric H2O bands. The
calculations were performed with the pressure-temperature profile of Brogi et al. (2018) (see Fig. 3) and a constant H2O volume mixing ratio of
10−4. The model was computed at a very high spectral resolution (R∼ 4·107) and convolved with the CARMENES line spread function.
VIS channel, covers the optical wavelength range, ∆λ= 520–
960 nm, through 55 orders, and the other, the NIR channel, cov-
ers the near-infrared wavelength range, ∆λ= 960–1710 nm, in
28 orders. The resolving power is R= 94 600 in the VIS channel
and R= 80 400 in the NIR channel. The detector in the optical
is a 4096× 4096 pixel e2v 231-84 CCD, the near-infrared wave-
length range is covered by two 2048× 2048 pixel HAWAII-2RG
infrared detectors, which results in a small gap due to the cen-
tral separation between detectors. Overlap between orders is lost
from the H band on, producing further gaps that increase from
near-continuous to 15 nm wide (∼30% of the order wavelength
range) at the long wavelength end (see Fig. 1, top left panel).
Only the NIR channel data are considered in this work, since no
data were taken with the VIS channel due to shutter problems
during our observing night.
CARMENES offers two fibres, fibre A for the target, and
fibre B for either the Fabry-Pérot etalon or the sky (Seifert
et al. 2012; Stürmer et al. 2014). The Fabry-Pérot etalon is
used for simultaneous wavelength calibration, in particular for
high-precision radial velocity studies. An atlas of calibrated
CARMENES spectra can be found in Reiners et al. (2018). How-
ever, since the wavelength-calibration requirement for transmis-
sion spectroscopy is relatively low, we opted to use the second
fibre for sky measurements. These sky measurements were not
used in the data calibration process, but only to visually iden-
tify sky emission lines. The observations were obtained in ser-
vice mode, consisting of 46 exposures of 198 seconds, start-
ing at 20:14 UT and ending at 00:00 UT, corresponding to a
planet orbital phase range of φ= –0.035 to +0.036. During the
course of the observation, the relative humidity varied between
57% and 65%. The star moved from airmass 1.08 to 1.30, dur-
ing which we updated the atmospheric dispersion corrector four
times by reacquisition of the target (which takes about two min-
utes, (c.f., Seifert et al. 2012). A typical continuum SNR of &150
was reached per spectrum.
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Table 1. Parameters of the exoplanet system HD 189733.
Parameter Value Reference
α [J2000] 20:00:43.71 Gaia DR2a
δ [J2000] +22:42:35.2 Gaia DR2a
V 7.65 mag Koen et al. (2010)
J 6.07 mag Skrutskie et al. (2006)
R?b 0.756± 0.018R Torres et al. (2008)
K? 201.96 +1.07−0.63 m s
−1 Triaud et al. (2009)
3sys –2.361± 0.003 km s−1 Bouchy et al. (2005)
a 0.03120 (27) au Triaud et al. (2009)
e 0.0041+0.0025−0.0020 Triaud et al. (2009)
Porb 2.21857567 (15) d Agol et al. (2010)
T0 2454279.436714 (15) d Agol et al. (2010)
i 85.71± 0.024 deg Agol et al. (2010)
RPb 1.138 +0.027−0.027 RJ Torres et al. (2008)
KPc 152.5+1.3−1.8 km s
−1 Brogi et al. (2016)
3wind –3.9± 1.3 km s−1 This work
Notes. (a) Gaia Collaboration et al. (2018). (b) Equatorial radii. (c) Value
derived from orbital parameters .
3. Data reduction
The CARMENES data were automatically processed after the
observations using the dedicated data reduction pipeline Cara-
cal v2.10 (Zechmeister et al. 2014; Caballero et al. 2016). The
precipitable water vapour (PWV) was retrieved from the mea-
sured spectra using the ESO MOLECFIT tool (Smette et al.
2015). The PWV level during the observations was relatively
high, ranging from 11.7 to 15.9 mm, compared to an average of
∼7 mm at Calar Alto. This made the telluric water absorption
in orders 45–42 (1.34–1.47 µm) and 54–53 (1.12–1.16 µm) too
high for useful data analysis.
3.1. Outlier rejection and normalization
The spectra were processed and analysed independently per or-
der, using very similar techniques to those developed in previ-
ous works (Birkby et al. 2017; Brogi et al. 2016, 2017, 2018).
First, we removed from the data artefacts attributable to cos-
mic rays (5σ outliers) and a small number of pixels flagged
as bad quality by the pipeline. The pipeline is optimised to ob-
tain long-term radial velocity stability utilising the simultane-
ously obtained Fabry-Pérot data. Although we did not use this
mode, we computed a night drift of ∼15 m s−1 (∼0.011 pixel) by
measuring the radial velocity variation of telluric lines present in
the observed spectra. This drift was so small that a wavelength
correction was not necessary. Subsequently, we normalised the
spectra using a quadratic polynomial fit to the pseudo-continuum
avoiding the sky emission lines, which were present mostly in
the reddest orders.
3.2. Stellar and telluric signal subtraction using Sysrem
The expected water signature from the planet is several orders of
magnitude smaller than the stellar and telluric absorption lines.
Hence, these contaminations have to be removed before the plan-
etary signal can be detected. Since we do not expect to retrieve
any planet signal from the cores of the strongest telluric absorp-
tion lines, we masked all wavelengths that exhibit an absorp-
tion greater than 80% of the flux continuum. We also masked
the wavelengths corresponding to strong sky emission lines (see
Fig. 2). In total, we masked ∼10% of the spectra. The remain-
ing stellar and telluric components were removed using Sysrem
(Tamuz et al. 2005; Mazeh et al. 2007), an algorithm that deploys
an iterative principal component analysis allowing for unequal
uncertainties for each data point. This code was already success-
fully applied for the detection of planet atmospheres by Birkby
et al. (2017), Nugroho et al. (2017), and Hawker et al. (2018).
We fed Sysrem with 22 matrices containing the data of each
usable order and ran it, on each of these matrices individually,
for 15 iterations. We show a zoom-in of one of these matrices in
the upper-middle panel of Fig. 2. The rows of the matrices are
composed of the normalized and masked spectra. Each column
of the matrices is a wavelength channel (i.e., pixel column), sim-
ilar to a "light curve". Sysrem searches and subtracts iteratively
common modes between the columns of the matrix, e.g., due to
airmass variations. Thus, the code primarily removes the largest
spectral variations, which are the quasi-static stellar and telluric
signals, as shown after the first Sysrem iteration in Fig. 2. Since
the planet signal is Doppler-shifted, it is preserved buried in the
noise of the resulting residual matrices. However, Sysrem is also
prone to remove the planet signal after a few iterations following
the removal of the higher order variations. This effect was stud-
ied in detail by Birkby et al. (2017) and can start at a different
iteration in each order. We found this also to be dependent on
the assumed transmission spectrum model, which is further dis-
cussed in Sect. 4.3 where we define the optimal iteration to halt
the code.
4. Planet signal retrieval
After removing the main telluric and stellar contributions using
Sysrem, the residual matrices contain the information of thou-
sands of lines belonging to molecular species present in the
planet atmosphere, but none of these lines are individually de-
tectable. However, we can detect the combined signal of these
numerous lines by cross-correlating the residual matrices and
high-resolution absorption models of the planet atmosphere.
In the wavelength region covered by the CARMENES NIR
channel, the main molecular absorption bands expected for
HD 189733 b are those of water vapour (H2O, see Fig. 1). Other
gases potentially contributing in this spectral region are car-
bon monoxide (CO) and methane (CH4). Although the expected
abundance of methane is very low (Brogi et al. 2018), we tested
in our analysis models including only water, only methane, and a
combination of water and methane. There is a weak CO band ap-
proximately from 1.56 to 1.60 µm, which is covered by three or-
ders of CARMENES. Based on the results of Brogi et al. (2016),
who aimed for the detection of the much stronger CO band from
2.28 to 2.34 µm with CRIRES, the detection of CO alone would
not be expected in our data. In addition, probing the CO band
would require a dedicated correction for the stellar CO residuals
left by the Rossiter-McLaughlin effect (Brogi et al. 2016, 2018).
Therefore, we did not include CO in our work, but suggest it for a
dedicated study. The grid of used absorption models is described
in the next section.
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Fig. 2. . Observed spectra matrices at different steps of the analysis for a short wavelength range in order 41. We plot wavelength along the
horizontal axis and the time series of spectra along the vertical axes. Top panel: matrix of spectra as provided by the CARMENES pipeline.
Upper-middle panel: normalized and masked spectra ready for the telluric and stellar removal process with Sysrem. Bottom-middle panel: matrix
of residuals after the first iteration. At this point the telluric residuals are still visible. Bottom panel: matrix of residuals after the tenth iteration.
The telluric residuals are almost completely removed.
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Fig. 3. Pressure–temperature (p–T ) profiles used for computing the syn-
thetic atmospheric absorption spectra. In dashed black, the p–T profile
A, was obtained from our best fit to the HST /WFC3 data of McCul-
lough et al. (2014). In solid red, the p–T profile B was taken from Brogi
et al. (2018).
4.1. Absorption spectral models
We computed transmission spectra of HD 189733 b during its
primary transit using the Karlsruhe Optimised and Precise Ra-
diative Transfer Algorithm (Kopra; Stiller et al. 2002). This
code was originally developed for the Earth’s atmosphere and
was afterwards adapted to the atmospheres of Titan and Jupiter
(García-Comas et al. 2011; Montañés-Rodríguez et al. 2015).
Kopra is a well-tested general purpose line-by-line radiative
transfer model that includes all the known relevant processes for
studying this problem.
In particular, our models include the spectral transitions of
the molecules under study. We collected the molecular spectro-
scopic data from the HITEMP 2010 compilation (Rothman et al.
2010) for H2O and from the HITRAN 2012 compilation (Roth-
man et al. 2013) for CH4. The line shapes were modelled with
a Voigt profile. We used an adaptive scheme for including or re-
jecting spectral lines of a given strength (see Stiller et al. 2002),
which is particularly useful for calculating the transmission of
very hot planet atmospheres for which the line-list of species
at high temperature contains a huge number of lines (Rothman
et al. 2010).
Collisions between molecular pairs of H2-H2 and H2-He pro-
duce the so-called collision-induced absorption, resulting in ro-
vibrational absorption bands. These bands are significant in a
hot-Jupiter atmosphere spectrum, appearing mainly as smooth
features in the 0.6–0.9 µm, 1.0–1.4 µm, and 2.0–2.5 µm spec-
tral regions. We included these absorptions with the coefficients
at high temperatures derived by Borysow (2002) for H2–H2
pairs, and by Borysow et al. (1989) and Borysow & Frommhold
(1989) for H2–He. Once we computed the very high resolution
(R∼ 4·107) transmission spectra, we convolved them with the
line spread function (LSF) of CARMENES.
We computed 12 synthetic transmission spectra. The first
four models included only H2O, another four models included
only CH4, and the last four models included both molecules.
For the four water-only models, we used two different
pressure-temperature profiles (A and B, see Fig. 3) and two con-
stant H2O volume mixing ratios (VMRs) of 10−5 and 10−4. Al-
though we did not expect significant differences on the results
when using these models, due to the known model degeneracy
(Brogi et al. 2014), it was a robustness check of our detection.
The p–T profile A was obtained from our best fit (see Sect. 5.2)
to the transmission values measured with HST /WFC3 (McCul-
lough et al. 2014). The p–T profile B was the one used by Brogi
et al. (2018). This p–T profile is hotter than profile A in the lower
atmosphere, below ∼10−2 bar (c.f. Fig. 3), where most of the ab-
sorption takes place. Hence, the atmosphere of the p–T B profile
is more extended and, consequently, produces a larger absorp-
tion.
The nominal transmission model used in the analysis was
based on the p–T profile B and a constant H2O VMR of 10−4
(see bottom panel of Fig. 1).
We studied the presence of CH4 in the planet atmosphere
using eight models. All of them were calculated using the
pressure–temperature profile B. Four of them included only
methane, with CH4 VMRs ranging from 10−7 to 10−4 in incre-
ments of one order of magnitude. The other four models included
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Fig. 4. Cross-correlation values as a function of the orbital phase and planet radial velocity with respect to the Earth after one (top left), two (top
right), three (bottom left) and ten (bottom right) Sysrem iterations. The first and last transit spectra are indicated with horizontal dashed lines. After
the first and second iteration of Sysrem the cross correlation with the telluric residuals are visible around the zero velocity. From the third iteration
on, the suppression of the telluric residuals increases and the planet atmospheric signature is expected along the planetary velocities, indicated
with the tilted dashed lines (when 3wind = 0 km s−1).
water, with a VMR of 10−4, and methane with the previous range
of VMRs.
During the process of removing the stellar and telluric fea-
tures from the spectra (Section 3.2), we removed also the contin-
uum information. Therefore, before cross-correlating the resid-
ual matrices with the computed models, we also removed the
continuum information from the models by subtracting their
baseline level. Thus, the analysis is only sensitive to the strength
of the absorption lines.
4.2. Cross correlation
The planet radial velocity changed during transit approximately
from –10 to +25 km s−1 (see Fig. 4). Thus, the cross-correlation
analysis was performed for each spectral order over a wide range
of planet radial velocities, from −130 km s−1 to +130 km s−1,
in intervals of 1.3 km s−1 set by the mean velocity step-size
of the CARMENES NIR pixels. We linearly interpolated the
molecular transmission templates to the corresponding Doppler-
shifted wavelengths. The cross-correlation functions (CCFs)
were obtained individually for each spectrum, forming a cross-
correlation matrix (CCF) per order. The dimension of each ma-
trix was determined by the radial velocity lags used in the cross-
correlation and the number of spectra, i.e., 201× 46. The me-
dian value from each CCF was subtracted to account for possible
broadband differences between the models and the spectra. We
applied the cross-correlation process after each Sysrem iteration,
obtaining 22 cross-correlation matrices, one per order used.
The cross-correlation matrices, CCFs, coming from the
same or different iterations, should be combined before retriev-
ing the planet signal. In a previous work, Birkby et al. (2017)
injected synthetic signals in the data to find the optimal Sysrem
iteration for each of their four detectors and, subsequently, they
combined the cross-correlation matrices of these different opti-
mal iterations. However, this way of finding the optimal iteration
depends on the model used and the strength of injection. Hawker
et al. (2018) found similar issues when optimising the iteration
choice by injecting the synthetic template. This effect is more
noticeable in our analysis than in that of Birkby et al. (2017),
because the differences between models are more relevant the
larger the studied wavelength range. We followed Brogi et al.
(2018), who minimised the model dependency of the analysis
and equally co-added the CCFs that belonged to the same itera-
tion. A side effect of this choice is that it is possible to introduce
correlation noise coming from over-corrected orders (those with
the least signal) or spurious signals from under-corrected ones
(those with the highest telluric contamination).
Since we were most interested in studying the water bands
fully covered by the CARMENES NIR channel, we chose to ap-
ply a first conservative analysis by using the useful orders from
1.06 to 1.58 µm (from bluer to redder: orders 57, 56, 55, 52, 51,
50, 49, 48, 47, 46, 41, 40 and 39; see Fig. 1). In this way, we opti-
mised the iteration choice using the orders containing most of the
signal (Sect. 4.3), while possible contaminations by noise corre-
lations of orders with the least expected signal were removed.
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Later, we included all the available orders (Sect. 5) and devel-
oped a multiband analysis of the data (Sect. 5.2).
The cross-correlation matrices, for the first, second, third and
tenth Sysrem iterations are shown in Fig. 4. In the first two itera-
tions (top panels), the cross-correlation functions are dominated
by major telluric residuals around zero velocity, while for the
third and tenth iterations (bottom panels), the main telluric and
stellar components are removed. The atmospheric signal of the
planet is expected to follow the planet radial velocity (i.e., the
dashed slanted line in Fig. 4) with positive cross-correlation val-
ues (in-transit). Therefore, each spectrum needs to be shifted to
the planet rest frame and combined before obtaining the total
correlation signal.
The planet atmospheric signature moves through the in-
transit spectra (i.e., from 21:01 UT to 23:11 UT) due to the
change in its radial velocity (3P):
3P(t,KP) = 3sys + 3bary(t) + KP sin 2piφ(t), (1)
where 3sys is the systemic velocity of the stellar system, 3bary(t)
is the barycentric velocity during observation, KP is the semi-
amplitude of the planet radial velocity, and φ(t) is the planet or-
bital phase.
We shifted the cross-correlation function for each spectrum
to the planet rest-frame using a linear interpolation of the veloc-
ities computed by Eq. 1. Subsequently, the planet trail was verti-
cally aligned and all the in-transit CCFs were co-added to obtain
a total CCF. If a water signature is present, the peak of this CCF
should be close to 0 km s−1. However, the atmospheric dynamics
of the planet can lead to non-zero values, as shown in previous
works (Louden & Wheatley 2015; Brogi et al. 2016, 2018). We
discuss this further in Sect. 5.1.
We explored different KP values to independently provide
a direct measurement of the planet KP, which depends on the
stellar mass (Table 1). In a similar way, we can probe the radial
component of the high altitude global atmospheric winds (3wind)
to obtain a better estimate of the noise properties. We aligned
the CCFs for a range of KP values from 0 to 260 km s−1 and of
3wind values from –65 to +65 km s−1. For this, we included the
additive term 3wind in Eq. 1.
We used this approach to study the significance of the re-
trieved signal and to verify that there are no significant spurious
signals. In addition, the goodness of our telluric removal tech-
nique can be checked by exploring possible signals at low KP,
i.e., in the Earth’s rest frame.
4.3. Significance of the retrieved signal
The significance of the retrieved signal was determined follow-
ing similar methods to those of Birkby et al. (2017) and Brogi et
al. (2018). First, we computed the SNR by measuring the peak
of the CCF and dividing it by its standard deviation excluding
the signal. This provided a map of the SNR as a function of KP
and 3wind, which revealed a pronounced signal whose position is
consistent with a planetary origin (Fig. 5, left panel). However,
this signal is spread over a wide range of KP values. The change
in the radial velocity during the transit is very small and does not
depend enough on KP to provide useful constrains. The uncer-
tainties in KP and 3wind are quoted as the limits where the SNR
is one less than the peak value.
With a second method, we also used the in-transit spectra
of the cross correlation matrix after alignment to the planet rest
frame. The significance was obtained by performing a gener-
alised t-test between the distribution of cross correlation values
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Fig. 5. SNR results (left) and t-test results (right, in sigma units) when
cross-correlating, in a wide range of KP and 3wind values, the residual
matrix and the synthetic absorption model including the p–T profile B
and a water vapour content of VMR=10−4. In both panels, the strongest
signals reveal at planet radial velocity semi-amplitudes (KP) compati-
bles with values in the literature. They also happen at the same wind
velocities (3wind), indicating a cross-correlation signal blue-shifted by –
3.9±1.3 km s−1. No comparable signals are found close to the expected
KP. There are neither comparable signals at the Earth’s frame (low KP
values), discarding the presence of significant telluric contamination.
that do not carry signal (out-of-trail distribution) and the distri-
bution of pixels that do carry signal (in-trail distribution).
The out-of-trail distributions is composed by the pixels far
away from the planet radial velocity (i.e., all the pixels except for
those within ±15 km s−1, making a total of 3175 pixels). This dis-
tribution should be non-correlated noise and, therefore, should
be normally distributed with a zero mean. The in-trail distribu-
tion was defined as the values within ±2.6 km s−1 around zero
(i.e., 5 pixels width times 24 spectra) and its mean should be sig-
nificantly different from zero in the case of a real planet signal.
The differences between the distributions can be seen in Fig. 6,
where we compare the two populations for the nominal transmis-
sion model at the optimal 3wind and KP values. The out-of-trail
population follows a normal distribution down to approximately
4σ. The null hypothesis, H0, states that both distributions have
the same mean. The value of the t-statistic at which the hypothe-
sis is rejected is then translated into a probability value (p-value)
and expressed in terms of standard deviation σ. The two popula-
tions present significantly different means and, therefore, the null
hypothesis is discarded on a high level of significance (σ> 7).
We applied this method for the same range of 3wind and KP val-
ues as in the previous method.
The results of the two methods, when using the water ab-
sorption model computed with the p–T profile B and a H2O
VMR = 10−4, are shown in Fig. 5. The maximum significances
in both methods are located at similar KP and 3wind values, cor-
responding to the expected planet velocities.
We applied the SNR method to identify the iteration at which
Sysrem should be halted using the conservative approach ex-
plained in Sect. 4.2. The evolution of the maximum SNR re-
covered for the different Sysrem iterations around the expected
planet KP using the nominal transmission model is shown in
Fig. 7. The signal steadily increases in the first three iterations,
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Fig. 6. Comparison between the distribution of cross-correlation values
far away from the planet radial velocity (out-of-trail, red), a Gaussian
distribution with the same mean and variance (dashed red line), and the
distribution of the cross-correlation values near the planet radial veloc-
ities (in-trail, blue). The out-of-trail distribution follows the Gaussian
distribution down to approximately 4σ. If the transmission signal of the
planet were detected, both distributions would show significantly differ-
ent means, as it is the case.
as Sysrem removes the major telluric and stellar contaminations.
After this point, the SNR is very similar until the 11th iteration.
Beyond this iteration, Sysrem appears to mainly remove the exo-
planet signal and, hence, the maximum SNR decreases. We also
noticed the decrease of the telluric signal observed at low KP and
3wind as the number of iteration increases (i.e., the contamination
is smaller at the tenth than at the third iteration; see Fig. 4). The
behaviour of the SNR of the recovered CCF per iteration is sim-
ilar for all the water absorption models tested in this work.
Hawker et al. (2018), who detected the H2O+CO band at
2.3 µm and the HCN band at 3.2 µm on HD 209458 b using Sys-
rem, found that for most orders in their dataset a few Sysrem iter-
ations were enough to remove the contamination signals, while
for heavily telluric contaminated ones, they required up to 13
iterations. We selected the tenth Sysrem iteration for providing
our results, as it is the iteration for which the results are most
significant.
5. Results and discussion
We retrieved the water vapour absorption signal of HD 189733 b
in the CARMENES NIR data collected on 2017 September 7.
When cross-correlating the residual matrix of this night using a
conservative approach (including only useful orders from 1.06
to 1.58 µm) with the absorption model calculated with a H2O
VMR of 10−4 and the pressure–temperature profile B, we mea-
sured a maximum SNR = 6.6 in the combined CCF (see Fig. 8).
The generalised t-test analysis provides a p-value of 7.5σ (see
Fig. 5). The results obtained with the absorption models com-
puted with H2O VMRs of 10−5 and 10−4 and the p-T profiles A
and B are similar and compatible within 1σ.
Independently of the used water model, we recovered the
maximum SNR solution at compatible KP and 3wind values. From
the cross correlation with the nominal model, we obtained the
maximum SNR at a planet radial velocity semi-amplitude of
KP=160+45−33 km s
−1. This value is compatible with previous re-
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Fig. 7. The retrieved SNR when cross-correlating the residual matrix
after each Sysrem iteration with the H2O absorption model including
the p–T profile B and a VMR = 10−4. The values correspond to the high-
est SNR at the corresponding KP and 3wind in the range of KP = 140 to
180 km s−1 and 3wind= –10 to 0 km s−1. The first iteration is not shown
for clarity, because it is totally dominated by telluric residuals.
sults found in the literature as expected for the stellar mass (e.g.,
KP=152.5+1.3−1.8 km s
−1; Brogi et al. 2016).
When including all the useful orders in the CARMENES
NIR wavelength range, we detected the atmospheric signature
at similar significances levels as when using the conservative ap-
proximation (compare CCFs in Figs. 8 and 9). This was expected
since the included orders carry a significantly smaller amount of
water signal (see Sect. 5.2 for more information).
We also tested our analysis when injecting the negative of the
templates into the observed spectra, before the telluric removal
process, at KP = 153 km s−1 and 3wind = –3.9 km s−1. In this way,
we found that the two models with water VMR = 10−5 were the
best at cancelling the CCF signal, leaving a maximum residual
of SNR∼2. However, the two models with VMR = 10−4 over-
cancelled the signal, leaving residuals of SNR∼–3.5 (SNR < 0
indicates negative values of the cross–correlation). These results
agree with the values found by Madhusudhan et al. (2014), who
re-analysed the HST /WFC3 data from McCullough et al. (2014)
and constrained the water mixing ratio to be log(VMR) = –
5.20+1.68−0.18. However, the presence of hazes in the atmosphere of
HD 189733 b could provide similar depths of water absorption
lines for higher water volume mixing ratios (e.g., Madhusudhan
et al. 2014; Pino et al. 2018b). Moreover, we did not detect the
signal of the exoplanet atmosphere with any model including
only methane at abundances from 10−7 to 10−4. In fact, mod-
els including H2O and CH4 showed decreasing SNR with in-
creasing CH4 abundance. Hence, we did not find any evidence
of methane in the atmosphere of HD 189733 b, confirming the
results of Brogi et al. (2018).
5.1. Winds in the atmosphere of HD 189733 b
The total CCF (Figs. 8 and 9) shows a net blue–shifted water
signal, 3wind = –3.9± 1.3 km s−1, which is comparable with previ-
ous measurements of sodium and water signals in HD 189733 b
(Louden & Wheatley 2015; Brogi et al. 2016, 2018).
The model of Showman et al. (2013) predicted that the at-
mosphere of HD 189733 b is in the transition between two ex-
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Fig. 8. Total CCF when using the nominal model and a conservative or-
der selection (i.e., only the orders included in the two strongest bands).
The signal is blue-shifted by –3.9±1.3 km s−1.
treme regimes of wind patterns being dominated either by strong
zonal jets, or by global day- to night-side winds at the termina-
tor. These atmospheric winds are blue- and red-shifted, and the
combination of their signals during the whole transit is expected
to leave a net blue-shifted wind signature on the atmospheric
signal.
In particular, the application of the Showman et al. (2013)
model predicts a blue-shifted velocity with a peak near
−3 km s−1 for a fraction of ∼40% of the terminator at a pres-
sure level of 10−4 bar (see their Fig. 7c). Our derived value of
–3.9± 1.3 km s−1 agrees well with this prediction, although it is
not fully comparable because it corresponds to an average of the
whole terminator (i.e., blue- and red-shifted signals combined).
Moreover, model contribution weighting functions (Lee et al.
2012; Blecic et al. 2017) predict that our signal, obtained mainly
from the 1.15 µm and 1.4 µm water bands, should arise from at-
mospheric layers below the ∼10−3 bar level (i.e., P > 10−3 bar). In
addition, the velocity value quoted above from Showman et al.
(2013) did not include the planetary rotation. The inclusion of
rotation would slightly increase the blue–shifted velocity (see
their Fig. 12).
5.2. Individual detections of the 1.15µm and 1.4µm H2O
bands
We explored the possibility of individually detecting water
vapour at different bands. We were particularly interested in de-
tecting the two strongest bands at the wavelength ranges of 1.06–
1.26 µm (orders 58–50) and 1.26–1.58 µm (orders 49–40). For
this analysis, we used the nominal transmission model and com-
puted the SNR values at the optimal KP and 3wind for four wave-
length ranges. The results are shown in Table 2 and plotted in
Fig. 10 (top panel). In order to better illustrate the spectral ranges
used in the study of the different water bands, we have included
(bottom panel, Fig. 10) the water transmission model that best
match the data of McCullough et al. (2014). The maximum ab-
sorption reached in the high-resolution transmission spectra (in
light grey) is ∼550 p.p.m, which translates into ∼200 p.p.m when
convolving to the WFC3 resolution. This value agrees well with
the HST observations of McCullough et al. (2014). We found
H2O signals for the strongest bands at similar signal-to-noise ra-
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Fig. 9. Cross-correlation functions obtained when combining all the
useful orders in the CARMENES NIR wavelength range for the studied
H2O absorption models. The results are very similar for the four tested
models, hence showing a degeneracy in the tested p–T profiles and H2O
abundances.
tios, SNR1.15 = 4.9 and SNR1.4 = 4.4. Although the water band
near 1.15 µm is expected to be weaker than that at 1.4 µm, a rel-
evant number of orders were discarded during the analysis on
the later, leaving similar maximum absorptions for both bands
(see high-resolution transmission model in Fig. 10). This could
explain the similarity between the retrieved SNR values.
The bluest an reddest wavelength ranges do not provide
a significant planet signal. The bluest orders (from 0.96 to
1.05 µm), shown in Fig. 10, cover only a fraction of a water band,
while hardly any water absorption is expected in the reddest or-
ders. In addition, the first orders are affected by the reduced effi-
ciency of the instrument (Reiners et al. 2018).
Moreover, it is generally assumed that the 1.14 and 1.4 µm
water features, as well as those at shorter wavelengths, can be
suppressed by the presence of hazes (e.g., Sing et al. 2016; Pino
et al. 2018a). The recent work of Pino et al. (2018b) suggested
the use of the cross-correlation method in high-resolution tran-
sit spectra to detect water bands at optical and near-infrared
wavelengths, which comparison could diagnose the presence
of broad-band spectroscopic features, such as scattering by
aerosols. According to their work, the maximum CCF contrast
(in the case of a clear atmosphere and no telluric contamina-
tion) expected between the bands studied here is of the order
of 100 p.p.m, i.e., ∼25% of our deepest absorption lines. There-
fore, it is not possible for us to derive any conclusion regard-
ing the presence of aerosols in the atmosphere of HD 189733 b
by comparing our multiple water band detections. However, the
maximum CCF contrast between water features at shorter wave-
lengths and those studied here could be over 200 p.p.m., which
makes more feasible the detection of the hazes effect. Note that
these numbers were derived using slightly different techniques
and therefore should be taken with caution.
In a similar way, future instrumentation with a redder wave-
length coverage than CARMENES, such as CRIRES+ (Follert
et al. 2014), could attempt the detection of water bands at K, L,
and/or M band. These water bands are intrinsically stronger and
the effects of hazes should be weaker than in J-band. Brogi et al.
(2016) detected water absorption in HD189733 b using CRIRES
at 2.3 µm, implying water vapour lines of up to ∼1.3×10−3, about
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Fig. 10. Top panel: SNR values of the CCFs for the four studied bands (see Table. 2). Bottom panel: water vapour absorption spectrum at the
CARMENES resolution (in grey) when using the p–T profile A and a water VMR = 10−5, and the same model but Gaussian smoothed to the
HST /WFC3 resolution (in blue). The lighter grey areas are the wavelength regions covered by the orders discarded during our analysis. Over-
plotted in red are the HST /WFC3 measurements provided by McCullough et al. (2014). We detected the two strongest bands around 1.15 µm and
1.4 µm. The reader should note that the SNRs shown in the top panel cannot be directly compared to the HST absorption signals as shown in
the bottom panel, since the former depend on the high frequency component of the transmission spectrum, and are strongly affected by telluric
absorption.
Table 2. Signal-to-noise ratios and p-values (expressed in σ values) of
the CCFs for the four analysed wavelength ranges.
∆λ SNR p-values KP 3wind
[µm] [σ] [km s−1] [km s−1]
0.96–1.06 2.2 3.8 153 –3.9
a1.06–1.12, 1.16–1.26 4.9 6.8 146± 46 –3.9+1.3−2.6
a1.26–1.37, 1.47–1.58 4.4 5.7 156+39−31 –3.9± 1.3
1.59–1.71 0.25 0.49 153 –3.9
Notes. The SNR and p-values were computed as in Sect. 4.3. Since the
water signals at the bluest and reddest bands are not detected, we used
the fixed values of KP = 153 km s−1 and 3wind = –3.9 km s−1 to provide
the results. (a) Band obtained by the combination of both wavelength
ranges.
a factor two stronger than those at CARMENES wavelengths.
This is in line with what is expected from the ratio in absorp-
tion strength. Uncertainties are currently too large to provide a
constraint on the influence of hazes.
6. Conclusions
We detected the near-infrared water signature on the atmosphere
of HD 189733 b using CARMENES high-resolution spectra ob-
tained during a single transit at SNR = 6.6. The main problem for
the detectability of H2O from the ground is the telluric contami-
nation. However, an appropriate masking of the strongest telluric
lines in combination with the use of Sysrem, which performs
a principal component analysis including proper error propaga-
tion, leads to an almost complete suppression of the contami-
nating signals even at relatively high precipitable water vapour
levels. On the contrary, we did not detect methane for any of the
tested planet atmosphere models.
The water signal is detected at radial velocity semi-amplitude
values compatible with the one of the planet. It is slightly more
blue-shifted than previous works have measured, although com-
patible with them. Our value, –3.9± 1.3 km s−1, is in good agree-
ment with the results that Showman et al. (2013) derived using
different dynamic atmospheric models for HD 189733 b. Follow-
up observations aiming the detection of the water signal dur-
ing the transit ingress and egress, for which our observations
do not have enough signal, could help in deriving the blue- and
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red-shifted wind components and the circulation regime in the
HD 189733 b middle atmosphere.
We exploited the large wavelength coverage of CARMENES
to detect individually the water bands at 1.15 and 1.4 µm,
only conclusively observed before from the space with the
HST /WFC3. The combination of the significances at which the
individual water bands are detected agrees well with the over-
all SNR integrated over the whole CARMENES NIR wave-
length range. This confirms that the wide instantaneous wave-
length range of CARMENES significantly adds to the perfor-
mance of the high-dispersion spectroscopy technique. Although,
these water bands have been suggested for the study of hazes in
the exoplanet atmospheres, the low contrast ratio expected be-
tween them (Pino et al. 2018b) do not allow us to derive any
conclusion regarding the presence of hazes in the atmosphere of
HD 189733 b. Whereby applicable with CARMENES, a simul-
taneous comparison between water bands at optical wavelengths
and the ones presented here at higher signal-to-noise could pro-
vide an alternative way to constrain atmospheric hazes. In ad-
dition, the different water bands can be included in multiband
studies combining space and ground observations (Brogi et al.
2017), capable to better constrain the chemical composition of
the planet’s atmosphere.
In general, the results presented in this paper, the ones ob-
tained with GIANO (Brogi et al. 2018), the recent results of Yan
& Henning (2018) with CARMENES and Hoeijmakers et al.
(2018) with HARPS, suggest that current and upcoming highly-
stabilized high-resolution spectrographs (R> 20 000) mounted
on 4 m-class telescopes will boost the study of exoplanet atmo-
spheres from the ground.
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